Genetic redundancy, understood as the functional overlap of different genes, is a double-edge 19 sword. At the one side, it is thought to serve as a robustness mechanism that buffers the 20 deleterious effect of mutations hitting one of the redundant copies, thus resulting in 21 pseudogenization. At the other side, it is considered as a source of genetic and functional 22 37 38 Key words: compensatory evolution, experimental virus evolution, functional redundancy, 39 multifunctional proteins, tobacco etch virus, viral suppressors of RNA silencing. 40 41 hyposuppressor mutants, slowing down the rate of compensatory (phenotypic and genotypic) 113 evolution compared with the non-redundant case. (ii) By buffering the effect of mutations in 114
innovation. In any case, genetically redundant genes are expected to show an acceleration in 23 the rate of molecular evolution. Here we tackle the role of genetic redundancy in viral RNA 24 genomes. To this end, we have evaluated the rates of compensatory evolution for deleterious 25 mutations affecting an essential function, the suppression of RNA silencing plant defense, of 26 tobacco etch potyvirus (TEV). TEV genotypes containing deleterious mutations in 27 presence/absence of engineered genetic redundancy were evolved and the pattern of fitness and 28 virulence recovery evaluated. Genetically redundant genotypes suffered less from the effect of 29 deleterious mutations and showed relatively minor changes in fitness and virulence. By 30 contrast, non-genetically redundant genotypes had very low fitness and virulence at the 31 beginning of the evolution experiment that were fully recovered by the end. At the molecular 32 level, the outcome depended on the combination of the actual mutations being compensated 33 and the presence/absence of genetic redundancy. Reversions to wild-type alleles were the norm 34 in the non-redundant genotypes while redundant ones either did not fix any mutation at all or 35 showed a higher nonsynonymous mutational load. 36 Introduction 42 Viruses are well known vectors of horizontal gene transfer (HGT) among hosts species 43 (Penadés et al. 2015) . In some well documented cases, viral genes have been inserted into 44 cellular genomes, serving as sources of genetic and functional innovations (Koonin 2010; Liu 45 et al. 2010 ). One of the most illustrative examples of such virus-mediated innovations is the 46 acquisition of syncytin, an essential protein for the morphogenesis of placenta, from an 47 endogenous retrovirus at the origin of the lineage of placental mammals (Mi et al. 2000) . Gene 48 trafficking goes in both directions, and viruses sometimes acquire genes from the genome of 49 their host cells, or from other viruses coinfecting the same host. For example, phylogenetic 50 studies have suggested that many Mimivirus genes have been acquired by HGT from the host 51 (Moreira and Brochier-Armanet 2008). A second good example of HGT from host to virus is 52 the homologue of the 70 kDa heat shock protein encoded in the genome of plant closteroviruses 53 (Dolja et al. 2006 ). Although HGT is thought to be an essential mechanism for virus evolution, 54 strong selection against increasing genome size may hinder its importance, especially for small 55 RNA viruses , Willemsen et al. 2016b ). Accommodation of a new gene into 56 the already compacted genome of the recipient virus would necessarily involve changes in the 57 regulation of gene expression, re-tuning interactions among all viral proteins and between them 58 and the host proteome, and optimization of codon usage of the newly acquired gene to the 59 characteristic bias of the recipient virus. Right upon insertion, the exogenous sequence will 60 generally have a negative impact in the fitness of the recipient virus (Dolja et al. 1993; Zwart 61 et al. 2014 ). Despite any possible long-term possible benefit, shortsighted selection will purge 62 these low fitness genomes from a population numerically dominated by the wild-type virus. 63
Even in isolation, these longer genomes will have a disadvantage relative to deletion mutants 64 that will be generated during their replication Willemsen et al. 2016b relationship with the work reported in this article, we would mention here the cases in which 76 we added new genes into TEV genome. We generated a number of artificial genomes carrying 77 insertions of heterologous sequences from different origins. First, the AlkB domain from 78
Nicotiana tabacum, which is involved in correcting alkylation damages in nucleic acids 79 (Willemsen et al. 2017 ). Second, the 2b gene from Cucumber mosaic virus (CMV), which is a 80 suppressor of RNA silencing (RSS) (Willemsen et al. 2017 ). Third, the eGFP gene encoding 81 for a version of the green fluorescent protein ). The first two cases would 82 provide the virus with completely new (AlkB) or redundant (2b) functions, whereas the eGFP 83 would, in principle, not provide any useful function to the virus but just increase its genome 84 length. In all cases, engineered genomes were evolved by serial passages in N. tabacum, with 85 at least five independent evolutionary lineages. At the end of the experimental evolution, the 86 evolved viral populations were phenotypically (viral load, relative fitness, infectivity, and 87 virulence) and genetically (Illumina NGS study of genetic variability within each evolved 88 lineage) characterized. In summary, eGFP and AlkB genes were always removed from the 89 genome at a rate that depended on the demographic conditions, recombination rate, cloning 90 5 site, and the exogenous gene itself (Willemsen et al. 2018) . Interestingly, the 2b RSS was 91 pervasively retained in all evolved lineages (Willemsen et al. 2017 ). Furthermore, functional 92 analyses demonstrated that the 2b protein was able of complementing the effect of strong and 93 weak hyposuppressor mutants negatively affecting the TEV RSS multifunctional protein HC-94
Pro (Willemsen et al. 2017) . Therefore, the engineered TEV/2b virus encodes for 95 evolutionarily stable genetic redundancy in its genome. In this context, sic "genetic redundancy 96 means that two or more genes are performing the same function and that inactivation of one of 97 these genes has little or no effect on the biological phenotype" (Nowak et al. 1997 To experimentally explore the role of genetic redundancy, provided by 2b, on the 105 evolutionary fate of a strong (hereafter named as FINK; see below) and a weak hyposuppressor 106 (hereafter named as AS13; see below) mutants affecting the RSS activity of HC-Pro, we have 107 performed an evolution experiment starting with two different TEV genetic backgrounds. The 108 first consists on the wild-type TEV genotype into which we introduced the FINK and AS13 109 mutations, respectively. The second genetic background consists on the TEV/2b engineered 110 genotype into which we introduced the same set of mutations. We sought to test the following 111 hypotheses: (i) genetic redundancy will compensate for the inefficient RSS activity of HC-Pro 112 7 pH 7.0, 3% polyethylene glycol 6000) and 5 µl of this mixture used to mechanically inoculate 141 the third true leaf of 20 4 or 5-week-old N. tabacum L. cv Xanthi NN plants dusted with 142
Carborundum. In the case of TEV-AS13, no infected plants were obtained for one lineage and 143 thus we used the other successful lineage (L2) to create a replicate (L3) that was maintained 144 After each passage, infectivity (i) and symptoms severity data (S) were fitted to equations 282
(1) and (2), respectively; five different virulence-related traits were inferred: i, AUDPS, Smax, 283 thalf, and b. In addition, time-course infectivity data were also analyzed using the Kaplan-Meier 284 regression method and the median time to infection, ST50, was also estimated. First, we 285 explored the dependencies and associations between these six virulence-related traits using 286 13 partial-correlation coefficients controlling for the viral genotype (G) factor. Table 1 shows the 287 associations obtained. Partial correlations identify two groups of virulence-related traits that 288 respond in a highly parallel manner. In the first group, AUDPS, Smax and i all show significant 289 positive correlations. In the second group ST50, thalf and b show significant pairwise positive 290 correlations. However, correlations between traits belonging to different groups are all 291 significantly negative (table 1) . 292
To explore the overall effect of different factors on these virulence-related traits, we fitted 293 the MANOVA model shown in equation (3) to the multivariate data. Table 2 shows the results 294 of this analysis. The covariable and the two factors in the linear model are all significant: 295 virulence increases with passages, overall differences among viral genotypes exist and 296 significant heterogeneity exist among lineages started from the same ancestral viral genotype 297 (table 2) . In addition, the interaction between passage (covariable) and genotype was also 298 highly significant, indicating that the rates of virulence recovery were different between viral 299 genotypes (table 2) . Finally, within each viral genotype, lineages also differed in their rates of 300 virulence evolution, although in this case the significance level is moderate (table 2; P = 0.021). 301
Given the strong dependencies among the six virulence-related variables, we applied a 302 principal components analysis and found that 79.73% of the observed variability was explained 303 by the major eigenvalue (l1 = 4.784) of the variance-covariance matrix (the second eigenvalue 304 was l2 = 0.828 < 1 and negligible). Therefore, to represent the six variables into a single 305 summary statistic, we computed the first principal component in the direction of l1, which 306 results in the following expression: 307 PC1 = 0.979AUDPS + 0.970Smax + 0.871i -0.979 ST50 -0.899thalf -0.600b. 308
(5) 309
The biological meaning of this PC1 is straightforward: it gives positive weights to AUDPS, Smax 310 and i and negative weights to ST50, thalf and b, in accordance with the results of the correlation 311 14 analyses shown above. The three first variables measure frequency and severity of symptoms 312 while last three are related with the time necessary for symptoms to be developed. In other 313 words, evolving viruses are rising in virulence by increasing the positively weighted traits (i.e., 314 increasing infectivity or the severity of symptoms) and/or by reducing the negatively weighted 315 ones (i.e., shorter times to develop symptoms). PC1 < 0 values would correspond to viruses 316 that produce very few infected plants and of weak symptoms that take long to be observable. 317
By contrast, PC1 > 0 values will be characteristic of viruses that are highly infectious and 318 quickly induce strong symptoms. Fig. 1B illustrates the evolution of virulence as described by 319 2A. In all cases, significant improvements in viral load has been observed. Table 3 shows the 361 16 results of fitting the GLM model described by equation 4 to the data. The three factors have a 362 highly significant effect on viral load. First, viral load at passage 5 is always greater than at 363 passage 1 and the effect is of very large magnitude ( Z ) = 0.990). The largest differences are 364 observed for the two lineages of TEV-FINK and lineage L5 of TEV-AS13 ( fig. 2A) . Second, 365 consequently, the magnitude of improvement in viral load significantly varies among viral 366 genotypes, being on average larger for TEV-FINK and TEV-AS13 than for the corresponding 367 genotypes carrying the 2b. Nonetheless, the magnitude of this effect is the smallest observed 368 ( Z ) = 0.235) yet still can be considered as large. Third, heterogeneity can be observed between 369 independent lineages evolved from the same ancestral genotype, being the effect also very large 370 in magnitude. Fourth, the magnitude of these two effects actually depends on the passage, as 371 indicated by the two significant interaction terms in table 3. presence and absence of genetic redundancy, we have obtained the consensus sequences of the 413 HC-Pro and 2b genes in all fifteen evolved lineages. Supplementary Table S1 shows all 414 observed mutations. For guiding purposes, fig. 4A shows a schematic representation of the 415 HC-Pro and 2b genes, indicating the two HC-Pro RBD involved in RSS activity and the precise 416 location of the two motifs mutagenized on each genotype ( fig. 4B ). Fig. 4C shows a schematic 417 representation of the consensus sequences obtained for all fifteen evolved lineages at passages 418 1 and 5. The two TEV-FINK lineages had reverted the strong hyposuppressor mutant R183I 419 to the wild-type arginine (fixed change), thus restoring the FRNK motif. In sharp contrast, 420 none of the five TEV-FINK/2b shows such a reversion after passage 5, all retaining the mutated 421 FINK sequence motif. 422
Regarding the three TEV-AS13 lineages, all had partially reverted the two deleterious 423 mutations in a complex manner. Firstly, lineage L2 only reverted mutation D300A to the wild-424 type aspartic acid, being the change fixed. Secondly, lineage L5 only reverted mutation E299A 425 to the wild-type glutamic acid residue, being also a fixed substitution. In addition, L5 also 426 incorporates a fixed I163L (non-charged hydrophobic by non-charged hydrophobic) 427 nonsynonymous mutation in the RBD A domain. Thirdly, lineage L3 shows polymorphisms 428 in residues 299 and 300 of the protein alternating E299A/A299E and D300A/A300D. In both 429 cases, the most frequent mutation corresponds to the wild-type allele (glutamic or aspartic acids, 430 respectively), thought with the consensus sequencing approach here employed we cannot 431 distinguish between having two or four haplotypes. Again, in sharp contrast, none of the TEV-432 AS13/2b lineages had reverted the knockdown alanine mutations into the wild-type amino 433 acids. However, lineage L8 has incorporated a mutation to aspartic acid into residue 299, which 434
is not a strict reversion, thought it brings back a negative charge into this motif. All other TEV-435 AS13/2b lineages contain additional nonsynonymous mutations elsewhere in the HC-Pro we generated additional genomes expressing an exogenous RSS, the CMV 2b gene. After 479 evolving independent lineages from each one of these four genotypes, we evaluated virulence-480 and fitness-related traits and characterized the consensus sequence for HC-Pro and 2b in each 481 evolved lineage. We have observed that genetic redundancy affects the rate of compensatory 482 evolution both at the phenotypic and at the genotypic level. At the phenotypic level, we have 483 observed that, on average, genetically redundant viruses expressing the 2b RSS were more 484 virulent and had higher fitness before starting evolution and experienced relatively smaller 485 changes in these traits by the end of the evolution experiment ( fig. 1B and fig. 2A ). By contrast, 486 
